Recent advances in metallic glass nanostructures: synthesis strategies and electrocatalytic applications by Jinyang Li et al.
PROGRESS REPORT
1802120 (1 of 28) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
www.advmat.de
Recent Advances in Metallic Glass Nanostructures: 
Synthesis Strategies and Electrocatalytic Applications
Jinyang Li, Gustavo Doubek, Lyndsey McMillon-Brown, and André D. Taylor*
Prof. J. Li
Key Laboratory of Advanced Technologies of Materials 
(Ministry of Education)
School of Materials Science and Engineering
Southwest Jiaotong University
Chengdu 610031, P. R. China
Prof. G. Doubek
University of Campinas (UNICAMP), School of Chemical Engineering
Center for Innovation on New Energies (CINE)
Campinas, SP 13083-852, Brazil
L. McMillon-Brown
Center for Research on Interface Structures and Phenomena
Yale University
New Haven, CT 06520, USA
Prof. A. D. Taylor
Department of Chemical and Biomolecular Engineering
Tandon School of Engineering
New York University
6 MetroTech Center, Brooklyn, NY 11201, USA
E-mail: andre.taylor@nyu.edu
The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201802120.
DOI: 10.1002/adma.201802120
transformers[2] and load bearing applica-
tions.[3] In the last few decades, the study of 
nanomaterials has become a central focus 
in nanoscience and nanotechnology.[4] In 
fact, many studies have shown that with 
reduction in size, nanomaterials display 
novel electrical, mechanical, chemical 
and optical properties, which are largely 
believed to be the result of surface and 
quantum confinement effects.[4,5] Remark-
ably, this trend has found traction in the 
metallic glass field where metallic glasses 
nanostructures (MGNs) demonstrate an 
important role in many applications such 
as light harvesting,[6] photovoltaic,[7] bio-
medical,[8] magneto-optical,[9] organic 
synthesis,[10] lithium-ion batteries[11] and 
electrocatalysis.[12] Recently, MGNs are 
receiving increased attention due to their 
distinguished performance, such as high 
activity and long term stability in electrocatalytic reactions.[12,13] 
Although several review papers have already covered the topic 
of nanopatterning of bulk metallic glasses (BMGs),[14–16] the 
correlation between recent synthetic methods and electrocata-
lytic applications for MGNs has not been thoroughly addressed. 
Moreover, there is currently no review that unites MGNs syn-
thesized from different approaches (top-down and bottom-up) 
with conventional electrochemical reactions. Therefore, in this 
review our mission is to: 1) present a focused perspective on 
the latest fabrication techniques of MGNs toward the pursuit 
of novel electrocatalysts and electrodes; 2) highlight recent 
advances in computational screening and predictions that 
could be applied toward new metallic glass electrocatalyst dis-
covery; and 3) report distinct advancements in electrocatalytic 
applications related to MGNs by creating a comprehensive 
discussion for commonly employed kinetic parameters and 
their connection with the unique material structure. Finally, as 
the first progress report on the metallic glass based electrocata-
lysts, we will also highlight some of the challenges that need to 
be addressed toward future progress in this field.
BMGs are those metallic glasses (MGs) that can be made in 
‘bulk’ scale with good glass forming abilities,[17] representing a 
versatile platform for many applications. To date, a wide range 
of BMG-forming alloys have been developed, including Zr-,[18] 
Fe-,[19] Cu-,[20] Ni-,[21] Ti-,[22] Mg-,[23] Pd-,[24] Au-,[25] and Pt-based 
compositions.[26] Moreover, the increased disorder brought by 
the higher degree of multinary systems is believed to contribute 
to improving the glass formation.[27] The evolution to multi-
component alloys of the most recent MG studies has also made 
them natural candidates for catalysis. The amorphous multinary 
Recent advances in metallic glass nanostructures (MGNs) are reported, 
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tion reaction. Finally, a summary of the challenges and perspective on the 




Amorphous alloys were discovered in 1960 by Duwez and co-
workers by the formation of Au-Si metallic glass that was rapidly 
cooled to avoid crystallization.[1] The unique properties of these 
materials were further developed by William Johnson, Akihisa 
Inoue and others where applications were soon developed for 
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system provides abundant uncoordinated sites that are suitable 
for catalytic reactions.[28] MG systems exist as bimetallic or most 
often as quaternary alloys, which parallels an existing general 
consensus in the literature that alloys have higher catalytic activ-
ities over monometallic catalysts due to electronic structures.[29] 
In addition, MGs have highly homogeneous sites within a 
solid mixture down to the atomic scale.[30] Although various 
approaches to control and pattern amorphous structures (across 
multiple length scales) has opened up the field for new direc-
tions,[31] most of the research to date has been largely driven by 
isolated research communities. For instance, MGs have been 
categorized as either amorphous alloys,[32] glassy alloys,[33] or 
can be regarded as transition-metal phosphides, borides, etc.[34]
MGs are of particular interest for many electrocatalytic reac-
tions because the surface and structure of the alloys consist of 
desirable elements that can be patterned down to the same length 
scales as conventional supported catalysts.[31,35] MGs can be 
molded by nanolithography, resulting in nanowires or nanorods 
attached on a macro-sized material. These nanostructures can 
range in size from sub-10 nm in diameter to 100 nm with lengths 
from several hundreds of nanometer to several microns.[15] This 
feature is attractive to the electrocatalyst community because 
the design and preparation of an electrocatalyst relies on new 
concepts such as atomic topographic profiles, defined cata-
lytic center sites, atomic rearrangements, and phase transitions 
in the course of the electrochemical reactions.[36] To this end, 
MGNs can serve as a versatile platform with the help of its pro-
cessablilty across multiple length scales. Sekol et al. made use of 
this unique feature to create the first all MG micro fuel cell.[37] 
In this work, multiscale Pt-based electrodes were featured with 
millimeter-sized holes molded in the same surface with nanow-
ires (≈250 nm diameter) covering the entire surface. This cata-
lytic layer also functioned as a gas diffusion layer for O2 and H2. 
They also demonstrated how a previously studied MG material 
can be considered for new applications. For instance, in the MG 
community, Zr-based MGs have been considered for various 
applications due to their premium corrosion resistance. However, 
with the technique of thermal plastic forming (TPF), Zr-BMGs 
were considered for the first time as fuel cell endplates. We note 
that fuel cell endplates are typically fabricated out of compres-
sion molded graphite/thermoset-polymer composite material 
instead of metal (e.g., stainless steel) which can corrode under 
fuel potentials.[38] Taken together, this new architecture allows for 
the fabrication of an operational all-MG micro fuel cell (Figure 1).
Moreover, the nanopatterned template can be further 
modified by chemical or electrochemical induced bottom-up 
approaches to create a second layer of organized nanostructures 
connected to the macrometer-sized plate. These double-hierar-
chical nanostructures were reported to increase the available 
electrochemical surface area by one order of magnitude 
compared to molded nanowires, and able to maintain a high 
stability for its surface. Doubek et al.[12] and Mukherjee et al.[39] 
have demonstrated two examples in making hierarchical 3D 
nanostructures (3D-Ns). First, a complete dissolution of the MG 
followed by a redeposition of the most noble elements can create 
branched dendritic structures. Second, a porous structure can be 
created from a solid sample through holding at a fixed poten-
tial without disrupting the previously imprinted nanorods. The 
3D-Ns were able to sustain more than 2000 cycles without any 
significant loss over the electrochemical surface area (ECSA) in 
accelerated durability tests. In the same conditions, conventional 
nanodispersed Pt/C catalyst had a 60% decrease in the ECSA.
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Another commonly reported characteristic of MGNs is the 
outstanding durability for the studied 3D-N amorphous alloys 
for electrochemical reactions such as the hydrogen evolution 
reaction (HER), oxygen reduction reaction (ORR), and alcohol 
oxidation reaction.[12,37,39–41] The surface chemistry activity of 
an electrocatalyst is also linked to the structural stability and 
corrosion of the surface. Comparisons with nanodispersed Pt 
and Pd/C catalysts in the same environments show a consider-
able improvement over the stability of the active surface area, 
thus allowing for a longer life-span and reducing the amount 
of active material needed in a device. Güemeci et al.[41] reported 
a 20% loss over the activity for oxygen reduction in Pt/C after 
1000 cycles while their sonochemically prepared PtCu3 had 
no change in activity. Similar results in MGNs showed almost 
no change in the activity for oxygen reduction and methanol 
oxidation, even after 2000 cycles in H2SO4 media.[12,40]
Despite the facile nanomolding potential of 3D-N metallic 
glasses for electrode assembly, not all elements can be formed in 
the amorphous state, and even for those that can be formed, not 
all of the elements can be nanomolded because of the limiting 
glass forming ability. Ruthenium is a good example of a signifi-
cant element in electrochemistry, however, it is prone to form solid 
solutions instead of metallic glass with Pt.[42] This is an obvious 
constraint in terms of possible surface chemistry for electrodes. 
Recently however, our team demonstrated that techniques such as 
galvanic displacement (GD) and underpotential deposition (UPD) 
can be used to introduce elements that are outside of the glass 
ability range and still allow use of the created 3D-N from MGs.[40] 
Applications were demonstrated for methanol oxidation and super-
capacitors, adding Ru and MnOx to a Pt-based MG with improved 
performance.[40] This tunable surface chemistry opens up new 
frontiers to 3D MGNs and their role in electrochemical devices.
Adv. Mater. 2019, 31, 1802120
Figure 1. Micro fuel cell diagram using Zr-BMG flow field/current collector plates and the porous Pt-BMG nanowire catalytic layer architecture. 
Reproduce with permission.[37] Copyright 2013, Wiley-VCH.
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2. Fabrication of MGNs via Top-Down 
and Bottom-Up Approaches
In the MG community, many researchers have devoted studies 
to the development of BMG fabrication techniques in a top-
down approach as reviewed by Bryne and co-workers on BMG 
fabrication.[43] However, the amorphous alloy nanostructures 
made by bottom-up methods are rarely discussed in the MG 
community. Conversely, in the electrocatalyst community, 
due to the better material utilization, the bottom-up methods 
have been “secretly” used to synthesize amorphous alloy 
nanostructures without a keyword designation of being MGNs. 
Clearly there is an invisible gap between the two communities 
that hinders the development of this field. Moreover, few reports 
are available on the fabrication techniques for MGNs that could 
be applied to electrocatalysts. We refer the reader to two reviews 
covered by Schroers in 2010 and 2011 that highlight many 
nano patterning techniques of MGNs.[14,31] Here we pick 
up from these reviews focusing on the past 8 years on sev-
eral exciting research advances on top-down and bottom-
up methods that showcase the potential for MGNs as 
electrocatalysts.
2.1. Top-Down Approach
For MGs made through top-down approaches, thermo-plas-
ticity is among the most prominent features that distinguishes 
MGs from crystalline alloys. TPF is one of the commonly used 
methods to make MGN-based one-body electrodes, where the 
formation of MGNs is controlled under 
the amorphous state above the glass 
transition temperature (Tg) during the 
solidification. The high formability fea-
ture in some MGs with certain composi-
tions also allows them to be molded at the 
nanoscale. Nanomolds can be made out of 
anodic aluminum oxide (AAO), stainless 
steel, or even MGs.[44] Thus nanowires and 
nanorods resulting in a 3D-N can be cre-
ated using a top-down approach.[35] 3D-Ns 
are part of a larger group of electrodes 
referred to as one-body or binder-free elec-
trodes (see Section 3.1).[45] These binder-
free electrodes are gaining recent interest 
because the presence of binder materials 
in conventional electrodes decreases the 
contact area between the electrolyte and 
catalyst (blocking catalytically active sites) 
which can result in high resistance and 
reduced electrocatalytic performance,[46]  
We show a general TPF procedure for 
fabricating MGNs for electrocatalytic 
reactions (Figure 2).[40] The formability 
and optimal processing when using TPF 
depends on the viscosity, flow velocity and 
channel width. Moreover, the formability is 
maximized by using the highest processing 
temperature possible without crystalliza-
tion. It has been shown that TPF is a scal-
able and economical technique, for the fabrication of multiscale 
BMGs.[12,47]
Traditional TPF suffers from the unworkable flow resistance 
due to friction and nonwetting conditions at the template inter-
face.[48] Kumar and co-workers proposed a template assisted 
thermoplastic drawing technique that can fabricate nanotips, 
nanorods, nanowires/tubes and nanoscale tensile specimens 
as shown in Figure 3.[48] The size of the nanorods created by 
traditional TPF is primarily limited by the size of the nanotem-
plate, which ranges from sub-100 nm to several hundreds of 
nanometers. However, the general dimension of electrocatalyst 
length scale is ≈10 nm or lower for a much higher surface area. 
Therefore this method is expected to help fabricate nanorods 
with much smaller length scale for electrocatalytic applications.
Electrospark deposition (ESD) has long been used to fab-
ricate MG coatings on steel substrates that can reach cooling 
rates ≈105–107 K s−1.[49] High-frequency spark ablation can 
be used to fabricate nanoparticles from bulk materials,[50] 
where the fast quenching induced by the short duration of 
spark pulses guarantees stoichiometric evaporation of the 
electrodes, with the resulting vapors subsequently forming 
alloy nanoparticles.[51,52] Recently Feng et al. used this method 
to fabricate sub-10 nm LaFeSi MG nanoparticles,[52] which 
opens up a new route for the fabrication of MGNs from bulk 
materials, as shown in Figure 4. This recent report has sig-
nificant potential that can convert BMGs into MGNs of a wide 
variety, and therefore could reveal the nanoeffect of MGs as 
electrocatalysts where BMGs were the primary investigated 
materials.[53,54]
Adv. Mater. 2019, 31, 1802120
Figure 2. a–f) Schematic synthesis of Pt-BMG nanowires. g) SEM images of Pt-BMG nanowires; 
h,i) TEM image of Pt-BMG nanowires with a 13 nm diameter. Reproduced with permission.[40] 
Copyright 2011, American Chemistry Society.
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Figure 3. Fabrication of arrayed nanostructures. a) Schematic illustration of arrays drawing scheme and b) SEM images for fabrication of metallic 
glass nanostructures (tips, rods, wires, and tubes) using Si templates. c) The bright field (BF) TEM image and d) the corresponding selected area 
electron diffraction (SAED) of a nanowire. Differential scanning calorimeter (DSC) curves of nanowires and a virgin bulk sample show comparable glass 
transition (Tg), crystallization (Tx), and melting (Tm) temperature peaks. Reproduced with permission.[48] Copyright 2017, Royal Society of Chemistry.
Figure 4. Left: LaFeSi MG nanoparticles were fabricated by sparks. Right: a) TEM images showing the narrow size distribution of the NPs. b) Electron 
diffraction pattern (cf. the inset) indicating an amorphous structure. Reproduced with permission.[52] Copyright 2018, American Chemistry Society.




Chemical synthesis, including the chemical reduction methods 
in aqueous solution[55,56] or in organic solvents,[57–59] is common 
bottom-up assembly approach used to fabricate amorphous 
alloys apart from the fast cooling methods mentioned above. 
Unlike the fast cooling processes, the chemical reduction 
method is not limited by the glass forming ability of the com-
ponents from solution.[60] For example, fast cooling processes 
are typically used for making MGNs that are near the eutectic 
composition. To this end, chemical methods are more versatile 
in terms of composition. As a simple comparison, the chem-
ical reduction method in aqueous solution does not require 
high temperature or organic solvents for the MGN fabrication, 
however, organic synthesis could deliver more flexible control 
over the nanostructures.
The size of the metallic glass nanostructures fabricated by 
various chemical methods are dependent on various conditions 
such as the chemical reduction method, the component ratio, 
feeding rate of metal solution, the incubating time, and the tem-
perature.[61] The size of the metallic glass nanostructures by the 
chemical reduction method can range from 2 nm to several hun-
dred nanometers.[55,56] For templated electrodeposition, the size 
of the MGNs are dependent on the size of the nanomolds, which 
can be on the order of 100 nm.[62,63] Generally a nanomold, such 
as an AAO template,[64] is placed in the electrolyte containing 
metal anions and electrolyte and a potentiodynamic electro-
deposition is conducted to form well defined nanostructures 
as depicted in Figure 5.[62] These fabricated MGNs can then be 
directly applied as electrodes for electrocatalytic reactions.
Adv. Mater. 2019, 31, 1802120
Figure 5. a–d) Schematic pictures of the synthesis procedure used to electrodeposit CoNi(Re)P nanowires inside the pores of the AAO templates. e,f) 
SEM and HRTEM of amorphous Co44Ni30Re12P14. Reproduced with permission.[62] Copyright 2016, Royal Society of Chemistry.
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Apart from the traditional chemical reduction method, a 
stepwise electroless deposition was demonstrated for MGNs by 
Poon et al. as a binder-free electrocatalyst.[65] Previously step-
wise electroless deposition was commonly used in coatings[66] 
and the current development of amorphous electroless deposi-
tion is covered in a recent paper by Zhang.[67] However, Poon 
et al. applied a facile stepwise electroless deposition with a 
glassy carbon electrode between the reducing chemical and 
metal salt electrolyte to fabricate Pd-P MG nanoparticles, 
which makes it easier to conduct MGN related studies.
2.2.2. Physical Synthesis
Gas atomization, which is commonly used in powder metallurgy 
was applied by Nakayama et al. to achieve a large-scale produc-
tion method for the formation of metallic glass nanowires, with 
diameters in the 50–2000 nm range, as shown in Figure 6.[68] The 
aerodynamic force in the gas expansion zone causes the fragmen-
tation of the melt stream into nanowires and droplets. Efforts from 
this study revealed the importance to control the spin rate for fab-
ricating nanowires which increases exponentially when the melt 
stream is supercooled from the liquid state. Similarly, Jung et al. 
reported a Si-based metallic glass nanofiber fabricated by electro-
spinning, which was considered as a facile and economical method 
to fabricate 1D nanofibers (NFs) for high-capacity and long-cycle-life 
anode in Li-ion batteries.[11] Moreover, a shell of graphene reduced 
from graphene oxide that is wrapped on the surface of the Si-based 
metallic glass nanofibers was used to prevent the direct growth of 
the solid electrolyte interphase (SEI) layer on the Si surface.
Magnetron sputtering has developed 
rapidly since W. R. Grove showed the 
first example of sputtering in 1852.[69] 
Not satisfied with only one metal that 
can be sputtered, researchers have devel-
oped cosputtering techniques as shown 
in Figure 7,[35] where multiple metal tar-
gets can be sputtered to fabricate multi-
component alloy systems.[70] Specifically, 
for MG, although top-down approaches 
through TPF can achieve nanomolding 
of MGNs, these methods are limited to 
very few alloy systems. Cosputtering on 
the other hand can be applied to a broad 
range of glass-forming alloys,[35] so that 
the limitation of bulk glass forming ability 
can be broken through to study a wider 
composition.[23] Cosputtering is often 
regarded as a synthetic technique that can 
create a thin film material library used 
for material screening purposes.[71] In 
fact cosputtered thin films can be tuned 
to display nanoscale rough surfaces. For 
instance, Liu et al. using multitarget car-
ousel oblique angle deposition, reported a 
facile method to achieve control over size, 
shape and composition of complex alloys 
at the nanoscale, as shown in Figure 7.[35]  
This novel method for fabrication of 
MGNs has the potential to be applied to study MGNs with 
layered structures with the help of scanning electrochemical 
microscopy[72] or a scanning droplet cell.[73]
2.3. Electrochemical Modification
Another MGN fabrication approach is via the electrochemical 
pathway.[74] We also note that MGNs can be modified electro-
chemically by selectively removing or adding certain atoms into 
with the MG system which can greatly broaden the use of MGNs 
in new applications.[12] Since the discovery of metallic glass, 
researchers have been working on improving the MG surface 
area, through which dealloying has proven to be an important 
technique.[75] Dealloying can selectively remove lesser noble 
metals from the MGNs and further create a porous nanostruc-
ture. Liu et al. reported a Cu-Ag bimetallic porous nanomem-
brane through dealloying of multicomponent metallic glass.[76] 
In order to further improve the electrocatalytic activity and dura-
bility of these metallic glass nanowires, as well as expand its ver-
satile applications to other energy storage fields, Doubek et al. 
applied both the subtractive (dealloying) and additive (galvanic 
displacement, underpotential deposition and electrochemical 
deposition) surface modification techniques to these nanowires, 
as shown in Figure 8.[12] Subtractive dealloying from multicom-
ponent bulk metallic glasses yields 3D nanoporous structures 
with increased electrochemical surface area. This is the first 
example of an MG electrocatalyst with elements outside of the 
metallic glass formability range which provides a new perspec-
tive in the MG-based material design for other applications.
Adv. Mater. 2019, 31, 1802120
Figure 6. Illustration of a conventional gas atomizer. The sample was heated above its melting 
temperature and then the molten alloy was supercooled, followed by the gas atomization. The 
SEM image shows the high density of Zr-MG nanowires. The broad halo peak only in XRD and 
glass transition temperature (Tg) shown in DSC clearly demonstrate the amorphous state of the 
nanowires. Reproduced with permission.[68] Copyright 2012, American Chemistry Society.
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2.4. Other Methods
Recently Hu and co-workers presented a general route for alloying 
up to eight dissimilar elements into single-phase solid-solution 
nanoparticles, referred to as high-entropy-alloy nanoparticles 
(HEA-NPs), by thermally shocking the precursor metal salt mix-
tures loaded onto carbon supports, followed by rapid quenching as 
shown in Figure 9.[77] Unlike traditional fast-cooling that is applied 
in a top-down approach like TPF or in bottom-up approach like 
sputtering, this unique method took advantage of catalysis-driven 
particle fission/fusion mechanism and fast-cooling to synthesize 
uniformly dispersed NPs. Besides, it is reasonable to expect that 
this carbothermal shock (CTS) method can be used to fabricate 
MGNs if higher cooling rates can be achieved (Figure 9d).[77] 
Schroers et al.[78] recently demonstrated the capability for 3D 
printing metals using methodologies similar to those for ther-
moplastic, which might shed light upon on the community that 
future developments may yield the ability to 3D print MGNs.
3. Developing MGNs as Electrodes
3.1. Surface Modification Techniques
In this section we will cover the application of MGNs as elec-
trodes. Building electrodes from active electrocatalysts is not a 
straight-forward task. Although TPF and chemical methods are 
most commonly used for electrode fabrication, TPF methods are 
capable of fabricating binder-free electrodes. Besides, researchers 
have applied both freshly made MGNs as electrodes and also 
used several surface modification techniques upon the MGNs to 
make new nanostructures as shown in the following paragraphs.
1D nanostructures fabricated by TPF have been character-
ized as electrodes for many electrocatalytic reactions.[12,37,39,40,63] 
Mukherjee and co-workers found that MGNs can be varied 
with different dealloying conditions.[39,79] First they found that 
as the cycling numbers increase, the nanostructure can be 
modified from smooth nanorods into branched dendritic nano-
structures.[39] In this way, the surface area is greatly enhanced 
through the selective etching of the lesser noble metals and depo-
sition of the Pd originating from the MG nanostructure. We note 
however, that it is not the general case that longer cycles of deal-
loying will lead to this specific dendritic nanostructure. As shown 
in Figure 10,[78] the dendritic nanostructure only occurs when the 
potential goes beyond EC2. The cycling between EC1 and EC2 
will create a nanoporous structure instead. This specific struc-
ture change was suggested by the author through a self-assembly 
mechanism during electro-dissolution of the alloy constituents.
Following these observations, Doubek et al. investigated 
both additive and subtractive surface modification tech-
niques to further modify the 1D MGNs.[12] In order to further 
develop higher surface area MGNs, dealloying is considered as 
Adv. Mater. 2019, 31, 1802120
Figure 7. The scheme of multiple targets carousel oblique angle deposition. a) Configuration of the deposition system. b) Morphology of a template 
with B100 nm gold nanoparticles prepared by dewetting an ultrathin gold film. c) Illustration of shadowed growth. d–f) Zigzag nanostructures made 
from ZrCuAl metallic glass on templates of different nanoparticles. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 
International License.[35] Copyright 2015, Macmillan Publishers Limited.
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the subtractive surface modification technique since it allows the 
exposure of the inner active sites through porosity formation. 
However, depending on the initial alloy composition, the corro-
sion process might induce porosity or surface noble metal enrich-
ment through a property that divides the corrosion path known 
as the parting limit. The parting limit is defined as the threshold 
when the selective dissolution is made possible,[80] i.e., further 
dealloying will not further increase the surface area. Doubek 
et al. used combinatorial screening to determine the parting 
limit for Pt-BMGs, where a thin film MG library was fabricated 
for easier screening purposes. They found that a higher initial Pt 
content is less likely to show an increased surface area through 
dealloying. The knowledge gained from the thin film MG library 
was used to explain why Pt-BMG(42) yielded a better dealloying 
effect than Pt-BMG(57). The dealloying of Pt-BMG(42) nanorods 
occurs from the surface inward and leads to fully porous nano-
structures from 0 to 2000 cycles (Figure 11a–c).[12] It can be seen 
from Figure 11d–f that Ni and Cu are progressively leached away 
Adv. Mater. 2019, 31, 1802120
Figure 8. Top: schematic drawing showing nanopore formation upon dealloying. Middle: schematic drawing showing the two methods for sur-
face modification over the original Pt-BMG(42) leading to the Ru incorporation. Bottom: schematic illustration for the fabrication processes of 
MnOx–Pt-BMG(57) nanorod arrays. Reproduced with permission.[12] Copyright 2015, Wiley-VCH.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1802120 (10 of 28)
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from the BMG nanorod structure over 2000 cycles while Pt and P 
largely remain. Apart from subtractive methods, galvanic displace-
ment or underpotential deposition can add elements outside the 
compositional range of glass formers, which are attractive in other 
applications, such as Ru for the methanol oxidation reaction. As 
shown in Figure 11g, a thin layer of Ru was shown on the sur-
face of the metallic glass nanorod. Moreover, the electrodeposition 
method is also available for adding heterogeneous layers to the 
surface of MGNs. As shown in Figure 11h,i, a thin layer of 20 nm 
of MnOx coated on the metallic glass nanorods demonstrated a 
viable route to add active material onto nanomolded BMG arrays, 
which provides a template (platform) to control feature sizes and 
shapes merely by exchanging the BMG template.[12]
3.2. Surface Treatment and Activation for MGN Fabrication
Activation procedures are commonly used for MGs as electrocata-
lysts.[81,82] An early work by Enyo et al. in 1983 highlighted this 
method and the resulting enhancement for the hydrogen evolu-
tion reaction.[83] By using an acid treatment composed of 1 m HF 
done over a PdZr MG, the authors reported a much higher reac-
tion rate than the original melt-spun state. Following this work, 
several other authors have reported similar findings[40,81,84–86] and 
the activation treatments grew to the use of other chemicals and to 
electrochemical methods soon becoming a common practice. For 
example, chemical methods have been reported with HNO3,[81,84] 
KOH,[87] and H2SO4[88] for Fe-, Zr-, and Ni-based MG alloys. 
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Figure 9. CTS synthesis of HEA-NPs on carbon supports and particle dispersion mechanism. a) Microscopy images of microsized precursor salt parti-
cles on the carbon nanofiber (CNF) support before thermal shock, as well as the synthesized, well-dispersed (PtNi) nanoparticles after CTS. b) Sample 
preparation and the temporal evolution of temperature during the 55 ms thermal shock. c) An illustration of the catalysis-driven particle fission/fusion 
mechanism to synthesize uniformly dispersed HEA-NPs. d) Time–temperature-transformation (TTT) diagram showing the kinetic formation of metallic 
glass, HEA, and phase-separated structures, respectively, as a function of cooling rate. Reproduced with permission.[77] Copyright 2018, The Authors, 
some rights reserved; exclusive licensee. American Association for the Advancement of Science.
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Electrochemical methods were first made by anodic oxidation in 
KOH[89] for a Fe-based MG and evolved to fixed potential[90] and 
cyclic voltammetry[12,40] techniques to induce surface changes 
over MGs. All of the activation treatments reported thus far have 
a profound impact over the final activity of the material for several 
electrochemical reactions and are considered a necessary step for 
uncovering the potential of glassy alloys as active materials.
The enhancement of the catalytic activity by surface cleaning or 
activation of MGs is explained via the selective dissolution of some 
surface oxides or inert species.[83] The removal of surface species 
were believed to expose active sites for porous electrodes.[84,91] 
Recent literature has shown that the leaching of the less noble ele-
ments is responsible for roughening the surface and increasing 
the surface area.[12,39,40] As mentioned in the previous section, 
the selective dissolution depending on the MG composition, can 
also create a porous surface useful for creating nanostructured 3D 
electrodes.[12] The roughening of the surface for activated MGs 
has been widely reported,[39,40,81,85,86,89] but there is another con-
sequence from this surface modification which is rarely demon-
strated. By leaching one or more components from a multicom-
ponent MG alloy, the amorphous condition is also disrupted. 
Since a MG is thermodynamically unstable, the remaining ele-
ments tend to crystallize, forming a crystallized skin over the MG 
structure. This phase transformation was confirmed in the pre-
vious works.[12,39,40] Mukherjee et al.[39] have also demonstrated the 
amorphous–crystalline phase transformation by X-ray diffraction 
(XRD) analysis in a Pd-based MG, from completely amorphous to 
well defined crystalline Pd peaks during cyclic voltammetry.
Adv. Mater. 2019, 31, 1802120
Figure 10. Electrochemically tuning the morphology of Ni60Pd20P17B3 metallic-glass nanostructures. a) Electrochemical processing routes used to 
obtain three metallic glass nanostructures in 0.5 mol L−1 H2SO4 solution. b) Schematic representation of selective dealloying at a potential between 
EC1 and EC2, where surface diffusion of the more noble atoms results in clustering and growth of a nanoporous network. c) SEM image of open-cell 
nanoporous structure obtained by selective dealloying of Ni60Pd20P17B3 metallic glass. d) Redeposition of more-noble atoms (red) during reverse sweep 
of cyclic voltammetry (schematic) results in dendritic structures. e) SEM image of highly branched dendritic nanostructures obtained by cyclic voltam-
metry on the surface of Ni60Pd20P17B3 metallic glass. Reproduced with permission.[79] Copyright 2013, Wiley-VCH.
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This phase transformation can account for the electrocata-
lytic enhancement observed in several reported activated glassy 
alloys, even though that point has not been openly reported. This 
is an important consideration in order to uncover the origins of 
the material’s performance when dealing with MG catalysts, as 
different and unpredictable crystal orientations can be formed 
in complex geometries. Surface transformation and crystal-
lization can also happen during electrochemical evaluation of 
common reactions, even if the MG has not been subjected to 
any prior activation treatment.[40] There are of course, other 
sources that will influence the final material’s performance. In 
the next section we will explore some of these sources and their 
role on defining 3D-N MG activity and durability.
Based on our observations of MG electrode development, 
there are several fundamental questions that remain unsolved 
including the following:
•	 How does an amorphous uncoordinated surface differ from 
its crystalline counterpart for electrocatalytic reactions?
•	 If there exists gradual degradation of the amorphous struc-
ture to the polycrystalline structure, how does this change 
influence the electrocatalytic activity?
•	 Does the underlying amorphous structure of a core shell 
structure with a crystalline surface have any influence on the 
surface activity?
We suspect that future subsurface studies of MGNs will 
be able to address these questions along with theoretical 
studies.[92] In the following section we will explore in significant 
details the electrochemistry results for MGNs with implications 
for opportunities of future research in this area.
4. Interpreting the Eletrocatalytic Properties
For a long time, Electrochemistry has become an interdiscipli-
nary field, having suitable tools from material sciences, solid 
state physics, and computation toward better understanding of 
the electrodic event. As Trassatti once so eloquently stated:[93]
“Pay due attention to the fact that electrochemical reaction is 
an expression of the nature of the electrode material and must 
therefore reveal to a close examination the intimate structure of 
the solid.”
This is true for any solid electrocatalyst, but perhaps even 
more so for MGs. In this section we exemplify the develop-
ments made using MGs and 3D-N MGs as electrocatalyst mate-
rials for common reactions in energy conversion devices, such 
as the HER, ORR, alcohol (methanol and ethanol) oxidation, 
and reveal the strong dependency of their reported activity with 
the solid structure. We believe that highlighting this depend-
ence can also assist the reader to better understand the reported 
kinetic parameters usually found in the literature.
When one is dealing with electrocatalysis, the aim is to char-
acterize the material activity toward an electrochemical reac-
tion to establish a basis for comparison. The reaction itself is 
a sum of several processes which include mass transport, the 
charge transfer reaction, and Ohmic losses.[94,95] All of these 
steps influence the reaction rate, which is what is macroscopi-
cally perceived and gives the material its practical applicability. 
To measure these complex phenomena researchers make use of 
methods and experimental conditions that attempt to diminish 
one or more of these processes, thus isolating a desirable one.[95] 
In electrochemistry, the electron transfer reaction or the surface 
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Figure 11. Surface characterization of dealloyed Pt-BMGs. a–c) HAADF images taken at 0th, 1000th, and 2000th cycles, d–f) EDX line scans of free-standing 
nanorods corresponding to the HAADF images above. g) TEM picture coupled with an EDX-line scan of dealloyed Pt-BMG(42) after UPD indicating Pt and 
Ru signals. h,i) SEM images of Pt-BMG(57) array (h) and MnOx-Pt-BMG(57) array (i). Reproduced with permission.[12] Copyright 2012, Wiley-VCH.
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reaction is usually the focus for one that is interested in how the 
electrocatalyst responds, in the form of an electrical current (i), 
to an externally applied potential (η). The (η vs i) curves are also 
called polarization curves[94] and the electrical current can be 
directly correlated to the reaction rate at the electrocatalyst sur-
face as a consequence of the Faraday law for electrolysis.
Electrochemical characterizations are typically made in highly 
conductive solutions to diminish Ohmic losses and make use of 
flat electrodes to reduce mass transport interference, so that the 
charge transfer reaction dominates the kinetics. To avoid mass 
transport polarization, researchers use measurements that fall at 
the beginning of the polarization curve. The relationship between 
η and i for low values of η shows a linear dependency in a graph 
of η versus log(i). This experimental observation gave origin to 
the Tafel Equation for analysis.[94–96] This empirical relationship 
was further found in a theoretical work first published by John 
A.V. Butler and Max Volmer, also known as the Bulter–Volmer 
equation.[94,97] From this model the exchange current density (i0) 
originates as being the existing anodic and cathodic current at 
equilibrium conditions (zero net current) and is understood as an 
intrinsic property of the electrocatalyst toward a reaction.[94,95,98]
In literature the Tafel analysis is usually employed to discuss 
reaction mechanisms as different slopes are attributed to different 
reaction mechanisms,[94,99] (120 mV dec−1 for the Volmer mecha-
nism, 40 mV dec−1 for the Heyrovsky mechanism and 30 mV dec−1 
for the Tafel mechanism) and the exchange current density 
(obtained from the intercept of a Tafel plot) as a descriptor of 
the catalytic activity.[98,99] The problem with these kinetic param-
eters is that they were derived for a single electron transfer in 
a reversi ble redox pair reaction with no mass transport limita-
tion.[99] In most electrochemical reactions this is not the case, and 
experimental conditions might not always guarantee a negligible 
influence from mass transport. Therefore, conclusions over the 
Tafel slope and i0 measurements should be carefully interpreted. 
A recent work from Shinagawa et al.[99] addressed these issues in 
a broad discussion using models deduced from reaction mecha-
nisms for HER, hydrogen oxidation reaction (HOR), ORR, and 
oxygen evolution reaction (OER). Their findings suggest that 
Tafel slopes are suitable to evaluate the kinetics, however they 
cannot predict with certainty the exact reaction mechanism. On 
the other hand, the exchange current density obtained from the 
intercept may not actually represent the catalytic activity as only 
a resulting interaction from the surface chemistry with the reac-
tant. Nevertheless, this conclusion does not invalidate several 
reported values of i0 as a guide for the catalyst activity.
From this introduction it becomes clear how challenging 
deriving kinetic data for electrocatalysts may be and making a 
deep mechanistic analysis is a daunting task. Therefore, the activi-
ties reported in literature for several amorphous systems are also 
a complex function of the employed electrolytes, their concentra-
tions and the used scan rates. Besides, the variety of experimental 
tools applied in each report, makes it impossible to make a direct 
comparison between the reported kinetic data. For this reason, 
we have extracted the main kinetic parameters reported in the 
literature such as Tafel slope, exchange current density and cur-
rent density in a format, expecting these data could exhibit a 
trend according to basic theoretical concepts. Our goal is to high-
light possible electrocatalytic trends in the kinetic parameters 
found in MG and 3D-N MG. Examples will be further discussed 
in the following sections. The reason for this choice is to better 
understand what those kinetic parameters are communicating and 
specifically highlight key differences found in MG and 3D-N MG.
In general, electrochemical data (i.e., HER, ORR, and alcohol 
oxidation data) for amorphous or MG alloy electrocatalysts are not 
as abundant in the published literature in comparison to crystal-
line structures. Among these, HER is the most reported for MG 
electrocatalyst development. MGs can be reported as particles, 
supported nanoparticles, rods, coatings and nanowires. Coat-
ings can also be formed in a variety of shapes and on various 
surfaces leading to complex electrode structures. In this review, 
porous electrodes and complex shaped electrodes such as foam or 
mesh will be referred to as 3D electrodes and smooth surfaces as 
flat electrodes. This differentiation is important when analyzing 
kinetic parameters and will be discussed in the following sections.
4.1. HER
The HER has a significant importance for several applications in 
the chemical industry. Among energy conversion devices HER 
has recently received significant attention due to the develop-
ment of high efficiency electrolysers for hydrogen production.[100] 
To measure the activity for HER the Tafel slope and the exchange 
current density are commonly employed. These kinetic para-
meters are then directly compared for each catalyst to draw con-
clusions regarding the applicability for novel materials. Glassy 
alloys are often compared with crystalline catalysts in order to 
address their potential as promising HER electrocatalysts. The 
Tafel slope and i0 represent important parameters to estimate 
the performance of an HER catalyst, however it is not possible 
to make a direct comparison across several studies in literature 
considering only their reported values. As previously discussed, 
kinetic data in literature were obtained from a wide range of elec-
trochemical set-ups, scan rates and electrolyte media. To over-
come this barrier, we propose the analysis made in Figure 12, 
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Figure 12. Combined data for HER in Flat and 3D electrodes in a Tafel 
slope for HER versus their respective exchange current density (i0). Data 
in red dots correspond to Flat electrodes from refs. [81,84,86,89,101–111], 
data in black hollow squares correspond to nanostructured 3D electrodes 
from refs. [87,88,90,112,113] and the green dots are Pt electrodes.[114,115]
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by plotting the Tafel slope versus i0 for each MG electrocatalyst. 
Here the graph is not meant as a direct comparison but as an 
attempt to correlate possible trends. A low Tafel slope would 
be an indication of a low barrier for the electron transfer reac-
tion, which means high activity.[94] This same material would 
therefore possess a high exchange current density for the same 
reason.[94,99] This trend would be seen as a scatter of data ranging 
from the upper left to a bottom right in a Tafel slope versus i0 
graph. We show this trend in Figure 12 for flat electrodes, but 
an opposite trend is observed for 3D electrodes. This observa-
tion highlights key differences from the surface structure and its 
influence over kinetic data that is discussed in this section.
Selected Tafel slopes were used at the low overpotential 
region when available. We divided the data into two groups: Flat 
and nanostructured 3D electrodes. Although theory indicates 
fixed values for Tafel slopes depending on the catalytic mech-
anism, experimental data shows a more continuous variance. 
This result may either derive from experimental error, inter-
ference from mass transport and conductivity or as pointed by 
Shinagawa et al., due to a more complex mechanism in which 
the catalyst coverage is a function of the applied overpotential.[99]
We observe a wide range of Tafel slopes for a given i0 
value (Figure 12). The slopes are connected to different reac-
tion mechanisms and therefore are mainly a function of the 
surface chemistry (excluding mass transport limitations). In 
order for surfaces with different activities to achieve similar 
i0 values, different active surface areas are necessary. In most 
cases, depending on the activation procedure it can alter the 
surface structure, even for flat electrodes, and thus the solid 
structure and the surface composition will both contribute to 
the electrocatalysis over a particular reaction. This MG feature 
also translates itself into a wide range of reported i0 as seen in 
Figure 12, especially for flat electrodes. Therefore “Flat” as con-
sidered in this review might not be an accurate description. In 
their majority, MGs will always display some degree of rough-
ness that might further evolve to a porous or nanostructured 
3D material. The difficulty on distinguishing between the two 
is due to the continuous transition that arises from the type of 
activation treatment employed since the surface can change 
in a wide range of applied overpotentials.[12,40] This instability 
can result in a complex surface composition that might be con-
siderably different from the bulk.[12] We only considered those 
as 3D-N electrodes that are fabricated on 3D substrates or as 
a porous electrode. The importance of this point is that the 
derived kinetic data, even for flat MG electrodes, will at some 
degree behave similarly as nanostructured 3D electrodes, where 
the performance is not only compositionally dependent but also 
structurally dependent.
Despite the origin for the data variance, another way to read 
Figure 12 is to assume fixed values for the slope and distin-
guish between two data populations. Dashed lines were drawn 
at 120, 40, and 30 mV dec−1 (Figure 12). Most of the data for 
flat electrodes surround the 120 mV dec−1 line and a few, 
appearing as second group, surround the 30–40 mV dec−1 lines. 
From this second small group, Seto et al.[109] report the lowest 
Tafel slope coupled with the highest i0. They reveal a Pt77Si23 
amorphous alloy with slightly changed chemisorptive proper-
ties compared with pure polycrystalline Pt and reveal a decrease 
in the free energy of hydrogen adsorption due to Si acting as 
a weak electron donating ligand, filling in unoccupied d states 
of Pt. Giz et al.[103] report three amorphous alloys in which all 
have Tafel slopes close to 30–40 mV dec−1, although none of 
them were composed of commonly employed noble metals (Pt, 
Pd, Rh). These alloys were Ni72Fe1P27; Ni40Co23P37 and Co72P28 
with Tafel slopes of 22, 57 and 57 respectively. This study was 
made in KOH solutions and the authors attribute the Volmer– 
Heyrovsky mechanism to the first alloy and the Volmer–Tafel 
for the other two. We note that 22 mV dec−1 is one of the lowest 
values reported for HER in the amorphous literature. The 
authors report the Ni-Fe-P to reduce the overpotential in HER 
and highlight that amorphicity is not enough to promote the 
desired electrocatalytic activity but it must be coupled with the 
right composition for the material.[103]
As a more common value, several authors report Tafel 
slopes surrounding the 120 mV dec−1 as seen in values from 
77 up to 187 mV dec−1 (Figure 12). Brookes et al.[81] tested 
five different glassy alloys for HER and their corrosion resist-
ance. Samples were tested as polished and after KOH and 
acid treatment. Results showed that a Fe67Co18B14Si1 was 
the least corrosion resistant with the highest HER activity. 
The Zr73.22Ti19.71Cu1.24Fe5.83 had the opposite behavior, but 
improved HER activity after in-situ anodic oxidation in KOH.[81] 
The authors reported several kinetic values from previous 
works in literature. A similar Zr74Ti19Cu2Fe5 glassy alloy was 
reported with a Tafel slope of ≈187 mV dec−1.[85] After activation 
in HF however, the same alloy increased the i0 by one order 
of magnitude with a resulting Tafel slope of ≈283 mV dec−1. 
This result could be an indication of a change over the surface 
structure and composition although the authors did not provide 
more textural evidence. Lian et al.[84] reported the influence of 
the Ni/Co ratio in amorphous and crystalline alloys. The alloys 
Co50Ni25Si15B10, Ni50Co25Si15B10, and Ni50Co25Si15P10 had Tafel 
slopes of 174, 178, and 144 mV dec−1, respectively. Here the Ni/
Co ratio seemed not to affect the catalytic performance. The 
high values for Tafel slope were attributed to a poor catalytic 
activity in the as polished MGs compared to crystalline alloys. 
The same alloys however improved their current density by one 
fold when treated in 1 m HF and a mixed solution of HF and 
HNO3 which was not found to happen on crystalline ones. The 
authors revealed a strong enhancement of the electrocatalytic 
activity by a mechanism yet unknown and it was suggested that 
selective dissolution of some surface oxides and inert elements 
to create a porous electrode enriched with active surface sites 
was responsible.[84] Kirk et al.[86] studied Ni-based MGs with dif-
ferent additive ratios of a similar high Tafel slope of 175 mV dec−1 
was reported. The amorphous alloys also displayed good sta-
bility relative to the crystalline Ni, even after extensive poten-
tial cycling. Huot et al.[89] reported a Fe60Co20Si10B10 MG with 
a Tafel slope of 77 mV dec−1, considerably lower compared to 
a similar MG reported by Brookes.[81] Despite the similarity, in 
the work from Huot, the glassy alloy was activated by anodic 
oxidation in 30 wt% KOH solution at 70 °C. These results show 
evidence of a porous material in which fine Fe particles grown 
onto the amorphous matrix.[89]
The criterion for a qualified catalyst for HER is that it 
simultaneously exhibits a large exchange current and a low 
Tafel slope. The Tafel slopes used to evaluate the rate deter-
mining steps generally assume either zero or full coverage of 
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the adsorbed species, where in reality the slopes are coverage-
dependent.[99] Pt is still one of the best catalysts for HER with 
an exchange current density of 0.52 mA cm−2, and a Tafel slope 
as small as 30 mV dec−1.[115] Only the work from Seto et al.[109] 
reported a higher performance value in both categories. It 
should be noted that the observed kinetics with the Tafel slope 
of 30 mV dec−1 can also be explained by the so-called super-
saturation effect of H2 gas evolved in the vicinity of the Pt sur-
face,[116] which would bring in diffusion overvoltage and the 
Tafel step would no longer be rate-determining. These two 
parameters are the criterions for the catalytic activity of cata-
lysts. As an overall average value from the reported results for 
flat electrodes, a Tafel slope of 116 mV dec−1 was found, which 
agrees with common reported values for HER. For the i0 values 
reported for flat electrodes, we also observe a large difference 
of almost 8 orders of magnitude. It is not rare to see various 
exchange current densities from different materials ranging 
from bimetallic to quaternary alloys with various nonmetals 
such as B, P, Si, given that the chemisorption energy is believed 
to determine the ability to catalyze the hydrogen evolution reac-
tion.[117] However, as previously mentioned, the reported i0 
are not only dependent on the surface chemistry, but also are 
strongly influenced by surface structure. This can be inferred 
by several examples in literature where surface activation treat-
ments in MGs often results in large increments over i0 without 
reducing the Tafel slope.[81,84–86,89] This apparent contradiction 
actually reveals that the exchange current density obtained 
from a Tafel analysis for MG electrocatalysts is not a reliable 
parameter to determine catalytic activity.
For nanostructured 3D electrodes an opposite trend was 
found. Higher values of exchange current density were 
reported and associated with high Tafel slopes. This apparent 
discrepancy can be explained by a mass transport limitation. 3D 
and 3D-N electrodes have a more complex surface which cre-
ates additional resistance for mass transport. In fact for active 
catalysts such as Pt it has been suggested that the concentra-
tion overpotential is not negligible even at low overpotenals and 
the hydrogen concentration at the vicinity of the electrode sur-
face might influence i0 values.[98] Three Pt electrodes are also 
included in Figure 12 and Table 1 showing how a more complex 
surface leads to higher i0. However, unusually high Tafel slopes 
(200–300 mV dec−1) have been attributed to the accumulation 
of gaseous species.[122] Due to a large surface area per geo-
metric area in 3D-N electrodes, several active sites within the 
pores may produce a gaseous product, (H2) in the case of HER, 
that can easily build up within the electrode creating microbub-
bles and thus additional resistance for the polarization curve. 
This could be seen as an apparent high Tafel slope. Shan et al. 
reported a Ni77.4S22.6 and a Ni68.7S25.8Mn5.5 MG created by elec-
trodeposition onto a Ni-mesh,[113] with Tafel slopes of 264.4 and 
282 mV dec−1 reported respectively. Scanning electron micro-
scopy (SEM) shows good coverage but with a rough surface. 
The study also compares the results with the unmodified Ni 
mesh having a Tafel slope of 186.2 mV dec−1. The authors reveal 
an increase in i0 of 7.1 times for the NiSMn and 4.5 times for 
the NiS alloy compared to pure Ni. Stability was also addressed 
for the amorphous alloys during 100 h of electrolysis, Tafel 
slopes were changed to ≈328 and 297 mV dec−1 for the NiS 
and NiSMn, respectively. The i0 values, however, changed only 
slightly, and even increased by ≈15% for the NiSMn. Despite 
the changes over Tafel slopes, the authors argued in favor of 
the stability and performance of the MG alloys for HER based 
on the estimated exchange current densities.[113] Los and Lasia 
reported a Ni–Ni boride electrode composed of amorphous 
Ni2B and pure Ni at several ratios pressed together at 180 MPa 
at room temperature. The best performance electrode was the 
90%Ni2B10%Ni, with a Tafel slope of 57 mV dec−1. 3D-N elec-
trodes also have higher reported i0 values than flat ones for 
HER by a factor of almost two orders of magnitude.[90] We sus-
pect that such high i0 values are coming from higher surface 
area in comparison with the geometric area which is normally 
used to compose the data. In these cases, the exchange current 
density will also be influenced by the overall surface area and 
will no longer represent an intrinsic property of the material 
in an electrochemical reaction. However, it can still be a useful 
parameter for engineering applications when one tries to maxi-
mize reaction rates and needs a close parameter.
4.2. ORR
The oxygen reduction is a key reaction in electrochemistry and 
it is crucial for many devices such as fuel cells and metal–air 
batteries.[71,123] The energy loss associated with the ORR is often 
reported as the main energy barrier for such energy conversion 
devices. Therefore the development of suitable catalysts is imper-
ative for the applicability of these promising technologies.[124]
Unfortunately, ORR has not been a target for many MG 
electrocatalyst developers. Only a few works are found in lit-
erature and several of them use noble metal derived metallic 
glasses. The activity parameters usually employed in the litera-
ture for ORR are the onset potential and current density at a 
given potential. The values gain meaning as they are compared 
to standard catalysts under identical testing conditions. The 
most employed catalyst as a standard for ORR in acid media is 
supported Pt/C. Those two activity parameters were therefore 
selected as the basis for this review. The data is organized by the 
onset potential and the final current density from the rotating 
disc electrode (RDE) experiments and plotted in two graphs. 
We show the actual reported values (Figure 13a) and the same 
data taking Pt/C catalysts as the standard (Figure 13b), so that 
the onset and current density are normalized by the respective 
reported values from a Pt/C catalyst. The final current density, 
i.e., the current density associated with the mass transport in 
the RDE experiments is selected in this review as a way to tackle 
the surface area effects in the electrodes. The reader should 
note that this value is not only dependent on the actual surface 
area, but also on the pathways for O2 diffusion.
As in the case of HER, those two selected parameters are 
associated, but not directly. The onset potential is linked with 
the energy barrier that the catalyst should overcome in order to 
process the reaction and is strongly dependent on the chemical 
interaction between the catalyst and O2. It corresponds to the 
potential value where a shift occurs from a nearly zero current 
to a negative current. The final current density is the maximum 
current that can be drawn from that electrode due to O2 diffu-
sion from the solution into the active surface area. Therefore, 
a higher surface area will increase the final value, but if the 
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© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1802120 (16 of 28)
www.advmat.dewww.advancedsciencenews.com
Adv. Mater. 2019, 31, 1802120
Table 1. Data library for HER in Flat and 3D electrodes for the Tafel slope and exchange current density.
Metallic glass type Tafel slope [mV dec−1] Exchange current density [mA cm−2] Reference
Flat electrodes
Fe-Co-B-Si (as-polished) 120 3.10 × 10−2 [81]
Co-Fe-Si-B-Mo (as-polished) 158 8.30 × 10−2 [81]
Fe-Ni-B (as-polished) 164 1.60 × 10−2 [81]
Fe-Ni-P-B (as-polished) 127 6.10 × 10−3 [81]
Zr-Ti-Cu-Fe (as-polished) 187 9.90 × 10−3 [81]
Au-Zr (as quenched) 125 1.20 × 10−4 [101]
Fe-Co-Si-B (G14) (as-quenched) 97 1.38 × 10−6 [102]
Fe-Ni-P-B (AC) (as-quenched) 109 1.20 × 10−7 [102]
Fe-Ni-Cr-Zr-B (BCC) (as-quenched) 105 4.90 × 10−7 [102]
Fe-Ni-Cr-Zr-B (BDI) (as-quenched) 105 1.82 × 10−7 [102]
Ni-Fe-P 22 6.33 × 10−3 [103]
Co-P 57 1.20 × 10−2 [103]
Ni-Co-P 57 2.03 × 10−3 [103]
Ni-P 115 2.90 × 10−3 [103]
Ni-S-Co (at 35 °C) 94.3 3.20 [104]
Fe-Co-Si-B 77 2.30 [89]
Co-Zr 120 1.87 × 10−4 [105]
Ni alloy (no Co) 175 1.78 × 10−5 [86]
Ni-Co alloy (6% Co) 150 1.00 × 10−5 [86]
Co-Ni-Si-B 174.4 3.98 × 10−6 [84]
Ni-Co-Si-B 178 2.00 × 10−6 [84]
Ni-Co-P-B 144 1.58 × 10−6 [84]
Zr40Ni60 111 9.32 × 10−4 [108]
Zr67Ni33 118 2.91 × 10−4 [108]
am. Zr67Ni33 134 2.50 × 10−1 [107]
am/nano-Zr67Ni33 110 2.00 × 10−1 [107]
nano-Zr67Ni33 121 2.50 × 10−1 [107]
Ni-66.5Mo28.5B5 127 1.00 × 10−2 [106]
FeB 98 1.50 × 10−2 [118]
FeSiB 88 1.20 × 10−4 [118]
FeCoSiB 92 3.90 × 10−4 [118]
Pt77Si23 (unannealed) 27 1.00 [109]
Fe(Si-B) 130 1.20 [110]
Fe-C-Si-B-P-Mo (as-cast) 115 1.40 × 10−2 [111]
Fe-C-Si-B-P-Mo-Co (as-cast) 110 1.60 × 10−2 [111]
3D electrodes
Ni2B2% Ru 72 1.30 × 101 [112]
Ni-B (90% Ni-B, 10% Ni powder) 57 2.40 [90]
Ni-S 264.4 5.39 × 101 [113]
Ni-S-Mn 282 8.36 × 101 [113]
Ni-S-Co 195.6 5.74 [87]
Ni-Mo-Fe-Zn (at 299 K) 143 2.40 × 101 [88]
Pt electrodes
Pt/C 32 2.60 [119]
Anodically activated Pt electrode 36 3.20 [120]
Platinum (111) 35 1.40 × 10−1 [121]
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O2 has to diffuse through a large pore volume or channel, some 
of the active area will not be effective. This is similar to a cata-
lytic bed reactor having a high Thiele modulus. Hence, a high 
current density can be associated with a higher surface area 
and higher values of onset potential indicate higher activity for 
ORR. We show an overview in the activity for ORR using MG 
electrocatalysts mapping for effective surface area and activity 
(Figure 13a).
The reported data for ORR shows a large variance for onset 
≈0.5 V. This is due to the plurality in the chemical composition 
and activation treatments that can drastically change surface 
composition and structure. The catalysts were binary to quater-
nary alloys composed of Ag, Pt, Pd, Ir, Ni, Nb, Co, Cu, Sn, B, 
and P and with various geometries. The variance for the final 
current density was also large as expected, although its value 
suffers greater influence from scan rate than the onset. RDE 
experiments reported here were done at 5, 10, and 20 mV s−1 
rendering difficulty for any rigorous comparison. Since each 
work had a different electrochemical set up with different pH, 
scan rate and O2 solubility, data was normalized by the reported 
values in each work for Pt/C in the same conditions and an 
average value was used for the works that did not have this 
result (Figure 13b). The overall ORR activity from different MG 
catalysts varies significantly with the onset potential ranging 
from 55% to 105% from that of Pt/C. The diffusion limited cur-
rent density also displays a wide range, from ≈15% to almost 
130% relative to Pt/C. This variability is a result from the 
different surface chemistries of the MGs and also due to the 
different surface structures. Interestingly, we show a tendency 
from the reported literature that higher ORR activity indicated 
by the onset potential are connected to a higher final current 
density (Figure 13b). Theoretically this link exists if the ECSA 
is constant for all electrodes under similar testing conditions. 
This, obviously, is not the case for data in Figure 13b but it also 
reveals a slight trend for data in a similar fashion as the anal-
ysis made in the HER section.
Ramos-Sánchez et al.[126] reported three MGs: Ni59Nb40Pt1, 
Ni59Nb40Pt0.6Ru0.4, and Ni59Nb40Pt0.6Sn0.4; from the alloys 
the NiNbPt had the highest current density (≈130% relative 
to Pt/C) and the lowest onset potential. The authors reveal a 
significant effect on the kinetic parameters by reducing the 
Pt amount and incorporating other transition metals (Ru and 
Sn). The alloys containing Ru and Sn had a decrease of 50 and 
100 mV over the onset potential, respectively, with a decrease in 
the final current density of 3.5 times for the Ru alloy and of 2.3 
times for the Sn alloy. Gumeci et al.[41] reported PtCu3 glassy 
nanoparticles produced by a sonochemical method, nanoparti-
cles supported on Vulcan XC-72R composing a 3D-N electrode 
and activated by an electrochemical dealloying procedure to 
prepare the ORR catalyst. Dealloyed samples exhibited approxi-
mately threefold to sixfold enhancement in ORR compared to 
Pt/C catalysts in terms of specific and mass activity.
As indicated by Figure 13b the Pd-NiB had a more favorable 
onset potential than Pt/C with almost the same final current 
density. Dealloying was reported to create a core–shell catalyst 
with a PtCu3-core/Pt-rich shell.[41] The low values in Figure 13b 
relative to Pt/C are mainly due to the surface structure and ORR 
measurement methodology. Yang et al. used smooth thin film 
electrodes and ORR was recorded by cyclic voltammetry instead 
of an RDE electrode.[125] Yang et al.[125] reported a Pd-base MG 
film to address strain-induced changes in the catalyst electronic 
structure. The electrodes were created by e-beam deposition 
on poly(methyl methacrylate) (PMMA) films. The Pd77Cu16Si7 
20 nm thin film was smooth and used without surface treat-
ments. A continuous negative shift with an increase in tensile 
strain was observed thus suppressing catalytic activity of the MG 
film. The elastic strains are generated through lattice mismatch 
between the top and bottom layers. The X-ray photoelectron 
spectroscopy (XPS) results for unstrained and strained electrodes 
confirmed valence electron band shifts which were consistent to 
those predicted by theory in single crystal Pd.[125] Later, Yang and 
Kumar showed that on a 20 nm layer of a Pd70Zr30, compres-
sive elastic strain enhances the catalytic activity of Pd and Pt 
during ORR, while tensile elastic strain suppresses it.[128] Based 
on the vast number of MGs, this study suggests the possibility of 
improving and controlling electrochemical reaction rates of the 
top layer by selecting a corresponding MG as the bottom layer.
Microstructured and nanostructured 3D surfaces will make 
a favorable environment for high current densities due to 
increased active surface area, but not all authors provide this 
result. Doubek et al. reported an ECSA of ≈20 m2 Ptg−1 for 
nanoporous nanorods,[12] Gumeci et al. ≈20–30 m2 Ptg−1 for 
sonochemically prepared nanoparticles,[41] Kolla and Smirnova 
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Figure 13. a) Reported values of onset potential and current density for 
ORR in RDE experiments from references, a (PdCuSi),[125] b (Pd-NiB/C),[55] 
c (Ni59Nb40PtxM1-x (M = Ru, Sn)),[126] d (Pt42.5Cu27Ni9.5P21),[12] e (PtCu3),[41] 
f (PtIrCo/C),[57] g (AgCu).[127] b) Normalized values for ORR using supported 
Pt/C catalysis as a standard.
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≈47 m2 Ptg−1 for glassy nanoparticles in a 
3D-Carbon Aerogel matrix in the as-prepared 
sample.[57] The reader should note that com-
pared to the ECSA from a nanodispersed Pt/C 
(≈60 m2 Ptg−1), most 3D-N MG have lower values 
and as a consequence, high current density 
values should not be favored. Our choice to use 
the diffusion limited current density also exacer-
bates this characteristic, but helps the reader to 
understand the material functionality. Applied 
into a device, a higher onset potential will result 
in higher conversion efficiency at low to mod-
erate current densities, but if high conversion 
rates are necessary, diffusion resistance have to 
be considered in the choice for the electrode. 
All three aforementioned authors have reported 
higher specific activity for ORR than Pt/C. This 
result suggests that the turnover frequencies for 
ORR in those 3D-N MGs are higher than poly-
crystalline Pt. Nesselberger et al. attributed this 
improvement due to lattice-strain effect that 
arises from the dealloying of bi-metallic mate-
rials,[129] as previously demonstrated by Nørskov 
and co-workers[130] and Strasser et al.[131] Kolla 
and Smirnova elaborate that the measured 
improvements are proportional to the fcc lattice 
parameter which is consistent with previous studies. Doubek 
et al. have reported almost three times higher specific activity 
for ORR compared to Pt/C.[12] The dealloying in a quaternary 
Pt-based MG resulted in a porous surface covered only with 
Pt as indicated by the XPS results, without any lattice dislo-
cation effect. Those combined evidences suggested that the 
resulting structure could be responsible for the increase in ORR 
activity.[12] Nesselberger et al.[129] demonstrated that the interpar-
ticle distance decisively influenced the observed catalytic activity 
for ORR on Pt clusters. RDE measurements for deposited Pt on 
glassy carbon electrode reveal almost one fold increase in cur-
rent density when edge-to-edge distance from Pt particles were 
below 1–2 nm.[129] This particle proximity is likely to be found 
on nanoporous MGs, although its fine tuning for cluster for-
mation has not been reported as a strategy for electrocatalyst 
assembly yet. Activated or dealloyed MGs can also be classi-
fied as structurally disordered materials. The resulting surface 
distortion have been recently described as a unifying concept 
to describe ORR activity.[132] Following this concept, activated 
or dealloyed quaternary MGs would possess a wide distribu-
tion of different catalytic sites with several at close to optimal 
ORR activity in a Sabatier diagram that dominates the kinetics. 
This unifying concept also helps to explain why complex MGs 
and MGNs can display a long-life stability over their activity 
despite presenting a dynamic surface that evolves over time 
in complex-shaped morphologies. Since there is a population 
of active sites, new are formed as old ones move away from 
the optimal ORR activity, and in the long run the average 
activity remains stable in opposition to structurally organized 
materials.
3D-N MGs often show remarkable stability for their activity, 
both in terms of onset potential and current density. This 
unique feature has raised recent interest in amorphous systems 
as promising candidates for ORR. Figure 14 further illustrates 
this fact. Supported catalysts such as Pt/C suffer from loss of its 
surface area as widely reported in the literature[133,134] and are 
commonly related to corrosion of the support, aggregation of 
nanoparticles, and nanoparticle growth due to the Otswald rip-
ening mechanism. This loss of surface area causes a decrease 
in the overall activity for the catalyst, thus limiting the device’s 
durability. In contrast, 3D-N MGs often do not show a significant 
decrease in surface area, in fact some systems were reported to 
increase their active area[12,55,127] This feature was reported for 
a AgCu MG,[127] PtNiCuP MG nanorods[12] and nanowires[40] 
and also for Pd-based MG molded nanowires.[134] The surface 
area increase was associated with a continuous surface change 
promoted by a crystallization process as one or more elements 
were leached away. The process results in roughened surfaces 
or porous and dendritic formations that increased the number 
of active sites. Carmo et al.[40] have showed that Pt-based MG 
nanowires attached to a MG disc were able to maintain their 
active area almost unchanged even after 1000 cycles in acid 
media. In the exact same conditions, supported Pt/C cata-
lyst has showed a 60% loss over its initial ECSA. Engineered 
Pt42.5Cu27Ni9.5P21 nanorods showed a continuous dealloynig 
process that resulted in free-standing nanorods with intercon-
nected nanopores.[12] The active surface area was maintained 
after 2000 cycles in 0.5 m H2SO4 and only had a 15% decrease 
for 3000 cycles at 80 °C, while under the same conditions for 
complete Pt/C activity loss.[12] Other works have reported high 
stability for 3D-N MG. Ramos-Sánchez et al. reported unchanged 
ORR activity in PtCu MG nanoparticles after 1000 continuous 
cycling in acid media where Pt/C had a 20% activity loss.[126] 
Wang et al.[55] and Wu et al.[127] have reported 30 and 110 mV 
improvement over the onset potential for ORR, respectively. We 
illustrate data from literature on catalyst stability toward ORR 
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Figure 14. Reported stability of MG catalysts (Pt-MG,[12] PtCu3,[41] Pd@Ni-B,[55] AgCu[127]) 
for ORR compared to the stability of Pt/C catalyst in accelerated durability tests. The 
Y-axis represents the change over the ORR onset between the 1st and the 1000th cycles in 
percentage values.
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(Figure 14). The onset potential change is used as a parameter 
for activity loss after accelerated durability tests. Those tests 
were common to the works that have discussed this feature and 
data was selected after 1000 cycles.
The stability for both the onset potential and current den-
sity in 3D-N MG can be attributed to the catalyst structure/
composition. As mentioned in the HER section, the MG cata-
lysts often pass through an activation process which modifies 
the material surface. Modifications often result on noble metal 
enrichment, but can also create a crystalline structure on the 
surface as one or more components are leached away disrupting 
the amorphous condition. The crystalline phase can be created 
in planes that possess high catalytic activity and that are also in 
close proximity to each other in a larger integrated structure. 
Depending on the activation method, a porous surface can also 
be created. In the last case there is also an intrinsic presence of 
a negative curvature coupled with a smaller fraction of low-coor-
dinated atoms that have proven to be favorable for ORR.[135,136] 
Dealloying, either induced electrochemically or by chemical 
treatments, besides phase transformation, can also create a 
high surface energy which has a distinct deactivation dynamic. 
Baldizzone et al.[136] addressed the stability of dealloyed porous 
nanoparticles for a PtNi catalyst and provided evidence that 
decreases in the active surface area can be related to a deteriora-
tion of the porous structure by the reorganization of the perco-
lating network through surface atom mobility. This mechanism 
would therefore be distinct from Otswald-ripening and particle 
agglomeration. This mechanism would also be common to any 
open network configuration and it should not be diminished 
by particle size, as the reorganization would be inherent to the 
metastable nature of nanoporous structures.[136] Baldizzone 
et al. reported durability tests for more than 10000 cycles with 
a cycling protocol from 0.4 to 1.0 V versus reversible hydrogen 
electrode (RHE), and another from 0.4 to 1.4 V versus RHE.[137] 
Porous PtNi showed almost no decrease in ECSA for the first 
test and a ≈50% decrease for the second, indicating the influ-
ence of potential on the mobility of metal adatoms as previously 
reported. Pt/C catalyst was not compared in the aforementioned 
durability tests, but from literature and from our own studies it 
is uncommon that it exhibits stable ECSA over more than 1000 
cycles, even at room temperature.[12] Therefore the great stability 
for ORR activity in MGNs can be a combination of surface atom 
mobility mechanism and a large population of active sites from 
structurally disordered material that is always able to maintain 
a population of sites with close to optimal activity for ORR.[132]
4.3. Methanol and Ethanol Oxidation
The Tafel analysis is rarely made for methanol and ethanol 
oxidation reactions. Hence, this section mainly focuses on 
the development of metallic glass based electrocatalysts for 
methanol oxidation in terms of acidic/alkaline electrolyte and 
morphology control.
One of the main advantages for MG was acknowledged to be 
the possibility of alloying different catalytic elements decorated 
on a tunable conductive matrix for MGs. Sistiaga et al. started 
several exploratory works on the electrocatalytic performance 
of amorphous alloys, i.e., metallic glasses for the methanol 
oxidation.[138] With an increasing time of pretreatment with 
48% HF, the Ni59Nb40Pt0.6Sn0.4 electrode had an increasing cur-
rent density and more positive onset potential, which is even 
lower than the polycrystalline Pt. Barranco et al. found after the 
HF pretreatment, (NiNb)99Pt0.6Sn0.2Ru0.2 has a higher electro-
catalytic activity at high methanol concentration while at low 
methanol concentration, (NiNb)99Pt0.6Sn0.4 is superior.[139] Only 
limited assumptions could be made since no surface or struc-
tural characterization was provided to explain the difference.
MGNs assemblies developed as nanowires and nanopar-
ticles as electrocatalysts have been considered for alcohol oxi-
dation. For example, Cao et al.[140] synthesized an amorphous 
NiB on highly ordered TiO2 nanotube arrays and discovered a 
volcano dependence between the Ni/B ratio and peak current 
density. However, the assembly of the active material piling 
up on the highly ordered nanotube arrays is not the primary 
method to maximize the surface area. Carmo et al.[40] man-
aged to fabricate Pt57.5Cu14.7Ni5.3P22.5 metallic glass nanowires 
through thermoplastic forming and showed good electrocata-
lytic performance and excellent durability with a 96% retention 
rate after 1000 cycles. The highly ordered metallic glass nanow-
ires took advantage of the high conductivity and high surface 
area. Zhao et al. compared the size effect of the metallic glass 
PdNiP nanoparticle and showed that smaller size nanoparticles 
have a much higher reverse scan peak than Pd/C,[58] which is 
primarily associated with the removal of carbonaceous species 
formed during the forward scan.[141] Yuan et al. also prepared a 
nanoporous Ni-Cu-P amorphous alloy and showed a high reac-
tion rate constant.[142] They suggested the possibility of keeping 
the amorphous nature of the metallic glass after dealloying. 
Different potentials were chosen during the linear sweep vol-
tammetry etching and the amorphous nature was confirmed by 
XRD. Further studies on this topic would be more convincing 
provided by selected area electron diffraction (SAED) for the 
surface structural analysis.
Other than acidic media, metallic glass has also been evalu-
ated for the methanol oxidation reaction in alkaline media as 
non-Pt-based electrocatalyst. Sekol et al. found Pd43Ni10Cu27P20 
metallic glass nanowires have a lower onset potential for both 
methanol oxidation in 1 m KOH and CO oxidation, when 
compared with pure Pd.[63] Although the current density is 
lower than that of the Pd dendritic structure dealloyed from 
Ni60Pd20P17B3 metallic glasses, the onset potential is also lower. 
Mukherjee et al.[39] applied dealloying on the Ni60Pd20P17B3 
metallic glass to create a dendritic palladium nanostructure 
as an alkaline methanol oxidation electrocatalyst. The elec-
trode with a large surface area facilitated a decent CO strip-
ping activity and a high current density around 95 mA cm−2. In 
terms of the dealloyed metallic glasses, Xu et al. found that the 
Pd content has a volcano dependence within both ECSA and 
methanol electro-oxidation on the dealloyed Ti-Cu-Pd.[143] And 
the Pd:CuO ratio plays a very important role in the electrocata-
lytic process and confirms the bifunctional mechanism of CuO.
The debate whether an amorphous alloy or its crystalline 
counterpart is a more active electrocatalyst has no solid con-
clusion since this is a case-by-case example.[144] Specifically 
with metallic glasses, Ma et al. investigated the crystallinity 
effect of the amorphous electrocatalyst, PtRuIr/C for methanol 
oxidation.[59] It is not surprising to find that the amorphous 
Adv. Mater. 2019, 31, 1802120
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PtRuIr/C has a better resistance to CO poison but lower elec-
trocatalytic activity than the crystalline PtRuIr/C. Kolla and 
Smirnova also confirmed this conclusion with the crystalline and 
amorphous PtIrCo/CA.[57] They reported that crystalline PtIrCo/
CA-900C has a lower electrocatalytic performance than PtIrCo/
CA-600C due to the surface Pt enrichment and decreased elec-
trochemical surface area due to an increased annealing particle 
size. We suspect that a more quantitative description for amor-
phous alloys would be useful to facilitate the understanding of 
electrocatalytic mechanisms on the amorphous surface.
Inspired by the seeking for better alcohol tolerant ORR cata-
lysts,[145] Doubek and et al. applied both the additive surface 
modification to control the electrocatalyst surface structure.[12] 
Additive modification by underpotential deposition or galvanic 
displacement enriches bulk metallic glass surfaces with ele-
ments that are not possible to integrate otherwise (i.e., Ru) for 
improved methanol oxidation. We show that although Ru atoms 
added to the surface of MGNs by UPD and GD have similar 
onset potential, UPD has a better catalytic activity performance 
(Figure 15). By adding Ru atoms to the surface, the electrocata-
lytic activity and onset potential was improved and more impor-
tantly, the concept of expanding the limitation of the metallic 
glass forming elements opens up a new direction to apply 
MGNs as electrocatalysts.
5. Discovery and Design of MGN-Based 
Electrodes
5.1. Can Computational Modeling and Advances in MGNs Help 
on Unraveling Electrocatalytic Performance?
Electrocatalytic activity directly derived from computing simula-
tions has limited correlation to direct experimental verification, 
Figure 15. a) Schematic drawing showing the two methods for surface modification over the original Pt-BMG(42) leading to the Ru incorporation. 
b) TEM picture coupled with an EDX-line scan of dealloyed Pt-BMG(42) after UPD indicating Pt and Ru signals. c) Cyclic voltammograms for methanol 
oxidation on the Pt-BMG(42) nanorods after Ru deposition by UPD and GD. Reproduced with permission.[12] Copyright 2015, Wiley-VCH.
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especially when the performance of actual devices is desired. 
Nevertheless, those simulations can provide valuable insights 
over reaction mechanisms and also on the surface arrange-
ment of complex solid structures as the case of MGNs. The 
main relevance provided in this section is to highlight some 
morphology parameters that could be used by simulations in 
future studies to analyze correlations between the amorphous 
surface morphology to the electrochemical reactions. The 
choice for this particular path is also linked to the observed 
dependence of activity over morphology as thoroughly dis-
cussed by this review in Section 4 for common electrochemical 
reactions. The final question we try to raise is: can computing 
chemistry help the MG community to map what happens to the 
active sites and to create a stronger link on how activity changes 
due to morphology?
Computational techniques in quantum chemistry such 
as density functional theory (DFT) and ab initio molecular 
dynamics (AIMD) have recently gained more attention in the 
fields of material science and catalysis due to their ability to 
predict final products and intermediates on chemical reac-
tions[146–148] as well as the total energy of small clusters of 
atoms.[146,148–150] The solution of particle arrangement of fun-
damental systems has shed new light on how researchers 
could interpret experimental results of novel functional mate-
rials. Although very powerful, quantum calculations for the 
most part are still limited to the behavior of small clusters of 
few interacting atoms, and thus the extrapolations of those 
results to macro-scale experiments over the usual time domain 
of the experimental realm are difficult.[146,151] Medium-range 
and long-range interactions on a solid interface plus complex 
nonuniform surfaces in 3D materials also play a role on the 
final measurable property which is difficult, if not unfeasible, 
to be addressed by those tools. Another powerful tool on com-
putational chemistry is classical Molecular Dynamics (MD), 
which aims to solve trajectories in a many-body problem by 
integrating the classical equations of motion for the interacting 
particles using effective potentials that consider the quantum 
nature of molecular interactions in an implicit manner, and 
therefore can be used to simulate larger systems with up to 
millions of atoms.[146,152] This feature allowed researchers to 
study medium-range interactions and to build systems closer 
to the experimental ones, seen by many as computational 
experiments.[152]
Computational simulations have been used in the past to 
predict the glass forming-ability of alloys by means of com-
putational experiments (virtual fast-quenching)[153] and more 
recently to study the nanometer size structure of metallic 
glasses, investigating their correlation with the material proper-
ties, revealing a more complex system than purely random due 
to short range ordering (SRO).[153–155] A recent work by Evan 
Ma[156] has used MD simulations to discuss the role of SRO 
and geometrically unfavorable motifs (GUMs) in amorphous 
alloys correlating the GUMs with the liquid-like regions in the 
observed plasticity for the alloys and highlighting the SRO as 
partially responsible for the thermodynamic and kinetic stability 
of the amorphous alloy. Despite this great advance little could 
be correlated regarding those same structural features with the 
surface chemistry or the interaction of the surface with other 
molecules to address electrocatalytic effects. In fact the majority 
of MD studies on MGs have been focused on addressing struc-
tural issues either on thin-film[157] or bulk MGs[154] and there 
is literature deficit on computing chemistry applied to MGs 
or MGNs. Computational studies that focus on the chemical 
reaction activity on the unique MGNs surface and support are 
needed to develop a deep understanding of the experimental 
observations of these highly active electrocatalysts.[54] Although 
not yet proved in literature, the high catalytic activity for MGNs 
might correlate to surface distortion. This point was recently 
confirmed for bimetallic alloys[132] and to track this surface and 
bulk transition in MGNs by means of computing chemistry 
(either by Stochastic methods or tracking trajectories via MD) 
would provide a unique perspective on the design of MGNs 
electrocatalysts.
Experimental literature in MGNs applied as electrocatalysis 
has shown that initial catalytic activity was poor and the MG 
alloys were often activated, as previously described in Section 
3.2. Although not always reported, surface modifications were 
likely to occur. So catalytic activity for many of the MGs and 
MGNs might in fact be a result of a core–shell like crystalline-
amorphous structure which, to the best of our knowledge, has 
not yet been investigated by quantum computing nor clas-
sical MD simulations, and remains as an open question in 
the field. Simulations to address this phase-transition would 
be insightful not only to resolve structural issues on the mate-
rial under dynamic conditions (applied to devices) but also as a 
starting point to simulations aiming to predict surface activity 
in electrode–electrolyte interactions. Despite not being able to 
fully resolve the electrochemical processes for devices such as 
energy-storage or sensors,[8] these calculations could be useful 
for predicting boundary properties such as ion diffusion and 
double-layer morphology in the presence of an electric field to 
study the electrochemical reactions more in depth.
Finally, the study of 3D-MGs by computing chemistry also 
faces the challenge to link a large gap, both in size and time 
domain in which simulations are usually made and from 
where experimental results can be derived. This gap restrains 
a direct correlation, especially for 3D-MGs where not only 
short-rage but also medium-range interactions are likely 
responsible for the final properties in experimental measure-
ments.[34,154,155] The surface phase-transition would also rep-
resent a dual problem to theoretically address surface activity, 
since they would simultaneously occur on the surface as a 
result of chemical reactions, but are set apart by a very different 
kinetics. Similar to the Born–Oppenheimer approximation, this 
complex problem will probably have to be decoupled, either by 
artificially inducing dealloying and solving for the system’s final 
energy via MD and subsequently running AIMD for catalytic 
activity, or performing a higher temperature AIMD simulation 
(to allow feasible time steps) to predict local energy minimums 
for the surface.
The prediction of kinetic properties through computational 
simulations is still a frontier being addressed by researchers 
in the field, especially for larger systems with several hundred 
or even millions of particles.[146,149,152] This scenario could, of 
course, change rapidly with the increase on computational 
power. Quantum computing is also expected to significantly 
change the reach not only for classical MD simulations but also 
to allow the simulation of larger systems with quantum-based 
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computation (ab initio based tools), where the interaction 
parameters as in classical MD would not be a constraint.
5.2. Computational Screening and Prediction of MGNs
Although the screening of novel materials with good perfor-
mance and the modeling of quantitative structure-activity rela-
tionships (QSARs), among other issues, are hot topics in the 
field of materials science, as shown in Figure 16,[158] a fully 
detailed progress is beyond the scope of this review.[159] Briefly, 
the lack of knowledge on the amorphousness of metallic glasses 
leads to the difficulty in finding a universal rule between struc-
ture and property for various metallic glasses. Given metallic 
glasses can be formed from massive combinations, it is nearly 
impossible to screen candidates with good electrocatalytic 
activity from millions of various combinations of metallic 
glasses.[159] Therefore, in order to select the most interesting 
candidates from the massive pool of combinations in an eco-
nomic and efficient way, high throughput methods should be 
applied to the both the end of fabrication and the characteriza-
tion.[71] However, the huge number of the combined composi-
tion-processing possibilities makes screening based on serial 
trial-and-error experimentation difficult and expensive;[159] even 
rapid parallel synthesis combined with high-throughput charac-
terization[160] can stall without additional guidance. For example, 
even an aggressive rate of synthesizing and fully characterizing 
one ternary per day would take more than 10 years of high 
throughput experimentations to screen just the ternary combi-
natorial space composed of 30 common elements for MGs.[159]
As Markovic and co-workers pointed out, theoretical/com-
putational methods are needed to rationalize, resolve, and 
ultimately understand the complex nature of electrochemical 
interfaces, so that establishing functional links between stability 
and activity at atomic and molecular levels will help to expand 
the existing guiding principles for the design of cost-effective, 
stable cathode and anode materials.[161] Therefore, help from 
modeling and machine learning (ML) could guide the high 
throughput experiments with a more directed orientation and 
contribute toward improved screening or even prediction over 
the electrocatalytic activities of MGNs.
Although there is no report on machine learning assisting high 
throughput screening or prediction of MGN-based electrocata-
lysts yet, it can be expected a reasonable path by following a recent 
paper published on the accelerated discovery of MGs through 
iteration of machine learning and high-throughput experiments. 
Ren et al. highlighted an emerging paradigm of data-driven dis-
coveries for rapid and guided discovery of materials, whose func-
tionality depends not only on chemical composition but also on 
synthesis, as depicted schematically in Figure 17.[159] It is indeed 
a promising approach if it could be applied for the MGN-based 
electrocatalysts since it provides a method to make the model 
sensitive to different synthesis methods. The difficulty can be 
well imagined to build a universal applied model for MGNs fabri-
cated with different methods. For example, materials synthesized 
by physical vapor deposition, such as magnetron cosputtering, 
impart enhanced mobility to the surface layers, achieving local 
atom conformations that are very difficult to reach by melt spin-
ning.[159] Singh et al. applied molecular dynamics simulations 
and found that for ultrastable MG synthesized by sputtering, it 
would take thousands of years of annealing by melt quenching to 
obtain the same quality of MG.[162]
As summarized by Ward et al., ML models for materials prop-
erties are constructed from three parts: training data, a set of 
attributes that describe each material, and a machine learning 
algorithm to map attributes to properties.[163] For the training 
part, machine learning is scientifically reliable for accurate pre-
diction if the model is trained on a vast number of historical 
data. Therefore, in the case of prediction of MGNs for electro-
catalysts, if one would apply ML, the primary task is to build 
a historical database. However, as shown above in the electro-
chemistry section, there are far more methods in fabricating 
MGNs for each reaction than the case discussed in Ren’s 
paper. Although there were only 411 sputtering experiments at 
Figure 16. The general process of machine learning in materials science. Reproduced with permission.[158] Copyright 2017, Elsevier.
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393 different compositions used to build the model, it was veri-
fied from 6780 melt-spinning experiments at 5313 unique com-
positions. Therefore, in the case of MGN-based electrocatalyst, 
the synthetic method with the biggest number of experiments 
should be used first to build a reliable database, through which 
models for individual synthetic methods could be built.
The second part of applying ML is to build a set of attributes, 
where it should be broad enough to capture a sufficiently diverse 
range of physical/chemical properties to be used to create accu-
rate models for many materials problems.[163] There are other 
approaches applying only those empirically important attributes, 
which requires a much smaller training set for the models. 
Zhang and co-workers proved that by incorporating the crude 
estimation of property in the feature space, the predictive capa-
bility of ML models is effectively boosted even using small sized 
materials data.[164] Sendek et al. demonstrated an approach in 
screening candidate materials for solid state electrolytes for lith-
ium-ion batteries as shown in Figure 18.[165] It consists of two 
main efforts: ionic conductivity model building and structure 
screening, which only needs a training set of 40 crystal struc-
tures and reported experimentally measured ionic conductivity 
values available in the literature. Then a data-driven ionic con-
ductivity classification model was built using logistic regression 
for identifying which candidate structures are likely to exhibit 
fast lithium conduction based on such a small training set.
6. Challenges and Opportunities
Indeed MGNs represent a unique and developing field of study 
that has not been thoroughly investigated where improvements 
Figure 17. Schematic depiction of a paradigm for rapid and guided 
discovery of materials through iterative combination of machine 
learning with high throughput experimentation. Reproduced with per-
mission.[159] Copyright 2018, The Authors, published by American 
Association for the Advancement of Science. [Reprinted/adapted from 
ref. [159]. © The Authors, some rights reserved; exclusive licensee 
American Association for the Advancement of Science. Distributed under 
a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) 
http://creativecommons.org/licenses/by-nc/4.0/ ].
Figure 18. Flowchart of approach to screen 21 structures from 12 831 lithium containing crystalline solids. This model enables screening for materials 
with high likelihood of superionic character based on atomic structural characteristics. Reproduced with permission.[165] Copyright 2017, Royal Society 
of Chemistry.
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as elecctrocatalysts could be realized over well-studied crystal-
line structures. To further advance this field MGNs need fur-
ther development in controllable scalable synthesis techniques, 
characterization, and computational pathways that can predict 
desirable properties. In this review, we summarize the chal-
lenges and opportunities ahead of the development of MGNs 
for electrocatalytic reactions.
We note that a subtle, yet significant challenge is that the 
fields are not always connected between the metallic glass com-
munity and others working on “amorphous” or “glassy” alloy 
nanostructures. Over the years, amorphous structures and 
components have been explored for electrocatalysis where in 
many cases the identification has been recognized as amor-
phous materials rather than MGNs.[166] For example, Pei et al. 
covered the synthesis and electrocatalysis of amorphous metal-
metalloid in the past, which is in fact a metallic glass.[167] These 
types of discrepancies makes it more difficult for researchers 
to follow the most recent advances. Generally metallic glass is 
recognized as compounds composed of all metal or metal and 
nonmetal elements, where oxygen is not part of the group. 
However, in the electrocatalyst community, metallic glass is not 
recognized as a unique material but commonly assigned to the 
group of amorphous materials together with metal oxides,[168] 
layered double hydroxides[169] (LDHs), etc.
Researchers working on amorphous nanostructures often do 
not necessarily categorize their materials as metallic glass nano-
structures. If this was improved, many techniques and know-
how could be properly communicated to promote the further 
development of metallic glass. Fortunately, some researchers 
are starting to more frequently discuss the relationship 
between metallic glass nanostructure and amorphous nano-
structures.[170] From the perspective of further developing the 
MGN electrocatalysis community, it would be very intriguing 
to discuss the novel findings that are being discovered in other 
amorphous materials. For instance, by exploring the structural 
flexibility reported by Liu et al. recently that could promote the 
oxygen evolution reaction with amorphous cobalt-oxide nano-
materials,[169] there might be newer findings at the silver lining 
with MGNs. One of the goals for this review is to bridge the 
gap between these communities so that future work can suc-
cessfully build upon mutual previous knowledge.
Besides the convoluted recognition of MGNs, there are many 
challenges for the fabrication of MGNs. One of the main fun-
damental questions is how to quantitatively describe the amor-
phous structure of metallic glass? Compared with the mature 
research development in crystalline structures, the first step is 
to develop an understanding toward short-, medium-, and long-
range disorder, so that a well-defined categorical system can 
be established. Unfortunately even inside the MG community, 
there is no consensus threshold for the width of the diffraction 
peak for the metallic glass formation.[159] In fact, for metallic 
glasses, the degree of amorphousness should be tuned or engi-
neered just as the crystalline counterparts were for a precise 
understanding and control over its electrocatalytic activity. Hu 
et al. reported a NiFeP MG that exhibits higher oxygen evolu-
tion reaction activity than the crystalline counterpart.[54] En 
(Evan) Ma suggested that identifying and tailoring favored and 
unfavored local atomic configurations coexisting in an inho-
mogeneous amorphous structure could be key to selectively 
enhancing a desired property.[156] The major challenge there-
fore is to decipher the structural differences in these seemingly 
structureless alloys, and establish a causal link between the 
key local structures and macroscopic properties.[156] Although 
the presence of the short-range order in metallic glasses has 
been proven based on MD simulations,[156] even today there 
are seldom experiments that confirm the existence of short-to-
medium range order in metallic glasses. Overcoming this chal-
lenge would allow researchers to design amorphous materials 
in a tunable and controllable way like that of the polycrystalline 
alloys, with property-controlling microstructural features.[156] 
Indeed, further studies over the relationship between amor-
phous morphology, surface low-coordination sites, and syn-
thesis methods are needed to promote a deeper understanding 
of these fascinating material systems as electrocatalysts.
Another challenging question for the fabrication of MGNs 
is: What is the difference and intrinsic connection between 
two the different formation mechanism of the MGNs synthe-
sized from bottom-up and top-down methods? For example, the 
top-down approaches for fabrication of MGs are traditionally 
conducted in four ways: rapid precipitation from solution, fast 
cooling from melt, quick condensation from the vapor state, or 
the mechanical activation of crystalline structures.[171] In the 
formation of amorphous structures, the thermodynamics actu-
ally favors well-arranged crystalline solid structures with lower 
energy. Thus to create this solid amorphous state, the kinetics 
must overtake the thermodynamic imposition. However, in 
the case of bottom up fabrication, e.g. chemical methods, the 
coordination between organic molecules such as ethylene 
diamine and metallic ions were believed to restrict the struc-
ture-inducing action toward crystalline structures.[172] However, 
Figure 19. Flowchart of developing MGNs as electrocatalysts from the perspective of computational prediction and guidance versus experiment verification.
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there are undefined regions and unanswered questions 
associated with MGNs. Therefore, a good understanding of the 
fundamental connection and difference between various amor-
phous structure fabrication techniques would help guide devel-
oping new techniques to fabricate MGNs. So far, there is no 
report comparing the electrocatalytic activity of MGNs synthe-
sized by different methods on the same level of nanosize yet. 
Such a study could provide insight on the effect of the degree of 
amorphousness over the electrocatalytic activity.
In summary, there are many challenges in terms of fabri-
cation, characterization, modeling, and computational dis-
covery for MGNs to be used for electrocatalytic reactions. We 
envision in the near future the following flowchart that can 
initiate improvements in the field (Figure 19). First, computa-
tional discovery and design are expected to eliminate unnec-
essary compositions from the massive MG candidate pool. 
With the help of modeling and machine leaning techniques, 
researchers will select premium candidates as electrocatalysts 
from the computational screening. Then experimental verifi-
cation is expected to synthesize these candidates in a control-
lable way and test their qualities in a high throughput way of 
establishing the relationship between composition, structure 
(e.g., degree of amorphousness), and electrocatalytic activity. 
With more methods developed for creating MGNs, we believe 
there are going to be more opportunities appealing to all 
material scientists and other researchers who desire diverse, 
controllable, and versatile amorphous nanomaterials that are 
expected to be equally important with crystalline materials in 
electrocatalysis. MGNs is truly an exciting field of research 
and we look forward to more innovations and successful 
knowledge gains in the future!
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